Introduction {#S0001}
============

There is still controversy on the obesity paradox, which means that mortality is lowest in overweight or obese persons. In a meta-analysis of 97 prospective studies with 2.9 million participants, Flegal et al found that in the general population all-cause mortality was lowest in overweight and class I obesity (HR=0.94, 95% CI: 0.91--0.96; and HR=0.95, 95% CI: 0.88--1.01, compared to normal weight), whereas mortality was increased in obesity class II and III (HR=1.29, 95% CI: 1.18--1.41).[@CIT0001] However, other authors claimed that the obesity paradox was due to methodical limitations like residual confounding due to smoking.[@CIT0002],[@CIT0003] In a meta-analysis of 239 prospective studies with individual data of almost four million never-smokers without chronic diseases at recruitment, all-cause mortality was lowest in 20.0 to 25.0 kg/m^2^.[@CIT0002]

The same controversy has come up on the question whether there is an obesity paradox in persons with diabetes.[@CIT0004] In recent large meta-analyses on persons with diabetes, U-shaped associations between body mass index (BMI) and all-cause mortality were reported with nadirs in the range of overweight or mild obesity.[@CIT0005]--[@CIT0007] From 24 cohort studies, Zaccardi et al found that the optimal BMI (kg/m^2^) was 31--35 in men, and 28--31 in women, and from 16 cohort studies, Chang et al observed that hazard ratios were lowest for overweight and class I obesity (HR=0.86 (95% CI: 0.78 to 0.96), and HR=0.88 (95% CI: 0.78 to 1.00), respectively, compared to BMI 18.5--24.9).[@CIT0005],[@CIT0006] In a recent study using data of the UK Biobank, the obesity paradox was reported to be even stronger in persons with than in persons without diabetes.[@CIT0008] In the Korean KOMERIT study, the optimal BMI depended on the state of glycemia, and the poorer the state of glycemia was, the larger the optimal BMI (kg/m^2^) was (23.5--27.9 in normoglycemia, 25--27.9 in impaired fasting glucose, 26.5--29.4 in prevalent diabetes).[@CIT0009]

In many studies on patients with diabetes, a U-shaped associations between BMI and mortality was found, and mortality was lowest for overweight or obesity.[@CIT0010]--[@CIT0015] In other studies, different results were found: inverse associations (mortality decreases with increasing BMI),[@CIT0016]--[@CIT0018] or a linear increase (mortality increases with rising BMI).[@CIT0019] In a study of incident diabetes, Tobias et al reported a U-shaped association with the lowest mortality for 22.5--24.9 kg/m2,[@CIT0020] and in a subsequent paper, Tobias and Manson stated that "the obesity paradox is likely an artefact of biases, and once these are accounted for, it is evident that compared with normal body weight, excess body weight is associated with a greater mortality risk.[@CIT0021]"

Other authors assume that BMI is not an appropriate anthropometric measure to assess whether the obesity paradox is real.[@CIT0022],[@CIT0023]

This brought us to estimate hazard ratios for the association between BMI and waist circumference (WC), respectively, and all-cause mortality, and to rigorously carry out several sensitivity analyses accounting for potential biases as suggested by Tobias et al and Standl et al.[@CIT0021],[@CIT0024] These biases refer to coexisting comorbidities and early death from comorbidities, overadjustment for mediators like hypertension, lack of adjustment for diabetes duration, unintentional weight loss, residual confounding due to smoking, and better treatment of diabetes patients with obesity. Moreover, some epidemiologists state that the obesity paradox can be explained away by collider bias, which results from conditioning on prevalent diabetes.[@CIT0016],[@CIT0025] Our aim is to use data from two German cohort studies (the population based Heinz-Nixdorf Recall (HNR) Study and the population based Study of Health in Pomerania (SHIP)) to address the aforementioned potential biases.

Methods {#S0002}
=======

Study Population {#S0002-S2001}
----------------

The prospective population-based HNR cohort study was carried out in three large German cities (Mülheim, Essen, Bochum) in the Ruhr district. Details of the aims and the design of the study have been published earlier.[@CIT0026] Participants were invited to the study center for the first time between 2000 and 2003 (T0), and 4814 persons in the age range between 45 to 75 years (49.8% males) participated in the baseline examinations. The next visits to the study center took place between 2005 and 2008 (T1), and between 2011 and 2015 (T2), respectively. The median time between T0 and T1 was 5.1 years, and 5.2 years between T1 and T2. During the examinations in the study center, participants filled in questionnaires, took part in face-to-face interviews and underwent physical examinations including extensive laboratory tests. Seven hundred and thirty-three persons with diabetes at baseline were included in the present study (cf. flow-chart, [Figure 1](#F0001){ref-type="fig"}).Figure 1Flow-chart of persons entering the data analysis set.

SHIP is a population-based cohort study sampled in West Pomerania, a rural area in the Northeast of Germany. Details of the aims and design of SHIP have been described earlier.[@CIT0027],[@CIT0028] Baseline visits to the study center took place between 1997 and 2001 (SHIP-0). 4308 subjects (69% of all eligible persons) took part in the baseline examinations. After 5, 11 and 17 years participants were invited again to the study center for further examinations (SHIP-1, SHIP-2, SHIP-3). Examinations included medical and oral health examinations, computer-assisted interviews and self-administered questionnaires. Four hundred and fifty-four persons with diabetes at baseline were included in the present study (cf. flow-chart, [Figure 1](#F0001){ref-type="fig"}). 26 persons (5.7%) were younger than 45 years.

Both studies were approved by the responsive ethics committees at the Medical Faculties of the University Clinic Essen and of the University of Greifswald, respectively. All participants in the studies provided written informed consent.

The pooled data for the present analyses included 1187 persons with diabetes and with BMI \> 18.5 kg/m^2^. Persons with type-1 diabetes were still included, but excluded in later sensitivity analyses.

Assessment of Diabetes {#S0002-S2002}
----------------------

In both cohorts, participants were diagnosed with diabetes if one of the following conditions were fulfilled: (1) participants reported that a physician had told them that they had diabetes; (2) participants took antidiabetic drugs (Anatomical Therapeutic Chemical (ATC) Code A10); (3) participants had an overnight fast of ≥ 8 hours and a glucose concentration of \> 125 mg/dl, or participants without an overnight fast had a glucose concentration ≥ 200 mg/dl; (4) haemoglobin (Hb)A1c was ≥ 6.5%. Diabetes was considered as previously known if condition (1) or (2) was fulfilled.

Assessment of Anthropometric Measures {#S0002-S2003}
-------------------------------------

For the HNR Study and for SHIP, details of the measurement of weight and waist circumference have been given elsewhere.[@CIT0029],[@CIT0030] BMI was calculated as (weight \[kg\])/(height \[m\]^2^). Fat-free mass (FFM) was estimated using a formula by Kuch et al which had been validated in SHIP: FFM=5.1 x (height \[m\]^1.14^) x (weight \[kg\]^0.41^) for men, FFM=5.34 x (height \[m\]^1.47^) x (weight \[kg\]^0.33^) for women.[@CIT0031],[@CIT0032] Fat mass (kg) was calculated as body weighted minus FFM.

Assessment of Vital Status {#S0002-S2004}
--------------------------

In the HNR study, all death certificates of the participating cities were checked regularly. For the present study, mortality data were assessed until September 30, 2018. Person time was calculated for all study participants from the date of the first visit to the study centre. In SHIP, mortality data were collected annually from population registries.

For assessment of covariates and development of the diabetes genetic risk score in the HNR Study cf. [[Supplementary Material](http://www.dovepress.com/get_supplementary_file.php?f=242553.docx)]{.ul}.

Statistical Analyses {#S0002-S2005}
--------------------

Baseline characteristics (proportions (%), means (standard deviations (SD))) were calculated separately for the two cohorts and for categories of BMI.

We used Cox proportional hazards models to estimate hazard ratios (HR) with 95% confidence intervals (CI) for mortality across categories of BMI. We added interaction terms of the exposure variable and survival time to the model to check whether the proportional hazards assumption was met (alpha level = 0.1). In the main analyses, we adjusted for age, sex, educational years (total years of formal education and vocational training), living together with a partner, physical activity, smoking, hypertension, history of myocardial infarction or stroke at baseline, cancer not in full remission at baseline, and study center. The following categories of BMI (kg/m^2^) were used as exposure variables: 18.5 - \< 25.0, 25.0 - \< 30.0, 30.0 - \< 35.0, ≥ 35.0. Associations between BMI and mortality were also assessed using restricted cubic splines, with 3 knots defined at the 10th, the 50th, and the 90th percentile of BMI.

Starting from the main analyses, the following sensitivity analyses were done: Sensitivity analysis 1: exclusion of persons with diagnosis of diabetes before the age of 30. Sensitivity analysis 2: adjustment for diabetes duration. Sensitivity analysis 3: no adjustment for hypertension. Sensitivity analysis 4: exclusion of death cases during the first two years of follow-up. Sensitivity analysis 5: exclusion of participants with cancer not in full remission/history of stroke or myocardial infarction/chronic kidney disease. Participants with heart failure were only excluded for participants of the Recall Study, because heart failure was not assessed in SHIP. Sensitivity analysis 6: exclusion of ever smokers.

To look for treatment bias, characteristics of diabetes treatment (age at diagnosis, diabetes duration, diabetes therapy, HbA1c, lipids) in persons with previously known diabetes were assessed separately for categories of BMI (≥ 30 versus \< 30; ≥ 27.5 versus \< 27.5).

To look for collider bias, we calculated proportions (%) and means (± SD), respectively, of risk factors for type 2 diabetes by BMI category (\< 27.5 versus ≥ 27.5) separately for the whole HNR population and for persons with type 2 diabetes in the HNR Study. Fitting a log-linear model with a Poisson working likelihood and robust standard errors, we estimated prevalence ratios with 95% confidence intervals to compare the prevalence of a given diabetes risk factor in persons with lower BMI (\< 27.5) to the prevalence of this risk factor in persons with higher BMI (≥ 27.5).

Four additional analyses were done:

With HNR data, the date of T1 was used as baseline, and BMI measured about 5 years earlier at T0 was used as the exposure variable. Fat-free mass was added to the models mentioned above to assess whether this potentially mediating variable has an impact on the strength of the BMI mortality association. We used WC (cm) instead of BMI as exposure variable with the following categories proposed by Leitzmann et al:[@CIT0033] \< 94, 94 - \< 102, 102 - \< 118, ≥ 118 for men, \< 80, 80 - \< 88, 88 - \< 96, ≥ 96 for women. These categories include cut-points of 80 and 88 cm for women, and 94 and 102 cm for men, respectively, used by the WHO to define increased and substantially increased obesity.[@CIT0034] Furthermore, we additionally adjusted for WC in the main analysis.

All statistical analyses were performed using SAS version 9.4.

Results {#S0003}
=======

In the pooled cohorts of diabetes patients, 45.5% of the participants were obese, 41.4% were overweight, and 13.1% had normal weight. The prevalence of previously known diabetes was around 60% in all four BMI categories, and with 56 mmol/mol (7.3%), HbA1c was highest in BMI ≥ 35 kg/m^2^ ([Table 1](#T0001){ref-type="table"}). Furthermore, in BMI ≥ 35 kg/m^2^, the prevalence of hypertension was higher, and the lipid concentrations were less favourable than in patients with lower BMI. In SHIP, diabetes control was poorer than in the HNR cohort (HbA1c 55 mmol/mol (7.2%) versus 50 mmol/mol (6.7%)), SHIP participants had higher values of blood pressure and, moreover, SHIP participants had three years of education less than HNR participants ([[Supplementary Table 1](http://www.dovepress.com/get_supplementary_file.php?f=242553.docx)]{.ul}). In the pooled data set, person times ranged from 0.05 to 17.75 years.Table 1Baseline Characteristics of Participants with Diabetes Mellitus by Category of BMI: Pooled Data of the Heinz Nixdorf Recall Study and SHIPBMI ≥ 18.5, \< 25 kg/m^2^BMI ≥ 25, \< 30 kg/m^2^BMI ≥ 30, \< 35 kg/m^2^BMI ≥ 35 kg/m^2^N155492347193Age (years)62.8 ± 11.463.2 ± 9.262.2 ± 8.661.5 ± 8.5Sex (males (%))47.770.561.146.6Years of education (ISCED)12.8 ± 3.312.7 ± 2.912.6 ± 3.212.0 ± 3.2Living with a partner (%)70.380.974.972.5BMI (kg/m^2^)23.2 ± 1.427.7 ± 1.432.2 ± 1.538.9 ± 3.9HbA1c (mmol/mol)51 ± 1651 ± 1552 ± 1456 ± 17HbA1c (%)6.8 ± 1.56.8 ± 1.46.9 ± 1.37.3 ± 1.6Diabetes duration (years)7.6 ± 10.45.9 ± 8.75.4 ± 8.65.3 ± 8.4Known diabetes (%)61.360.656.862.2Systolic blood pressure (mm Hg)138.4 ± 23.7146.1 ± 21.2144.7 ± 21.4143.6 ± 22.0Diastolic blood pressure (mm Hg)79.0 ± 9.783.9 ± 12.084.2 ± 11.783.6 ± 11.1Hypertension (%)60.779.985.690.7LDL cholesterol (mg/dl)137.5 ± 39.0139.9 ± 41.0139.9 ± 37.4145.4 ± 39.6HDL cholesterol (mg/dl)58.2 ± 18.649.7 ± 15.048.2 ± 14.046.4 ± 12.2Triglycerides (mg/dl)128 (89; 189)163 (111; 243)177 (125; 243)186 (142; 261)Smoking (%)Current28.420.917.915.5Former27.146.847.037.3Never44.532.335.247.2Physically active (yes) (%)25.825.623.323.3Estimated fat mass (%26.6 ± 5.332.4 ± 5.039.1 ± 4.946.4 ± 12.2Cancer (%)^a^01.00.61.0History of stroke (%)5.84.74.93.6History of myocardial infarction (%)5.86.111.210.4Follow-up time (years)12.3 ± 4.8^b^12.6 ± 4.5^c^12.9 ± 4.4^d^13.1 ± 3.7^e^[^1]

With covariable adjustment of the main analysis, the restricted cubic spline regression shows a U-shaped association between BMI and mortality with the lowest mortality risk at around 30--32 kg/m^2^ ([Figure 2A](#F0002){ref-type="fig"}). When the sensitivity analyses 1--5 were done, the shape of the curve hardly changed ([Figure 2B](#F0002){ref-type="fig"}).Figure 2Hazard ratios (95% CI) for all-cause mortality associated with BMI in persons with diabetes at baseline: Pooled data of the Heinz Nixdorf Recall Study and SHIP. (**A**) Main analysis with adjustment for age, sex, educational years, living together with a partner, physical activity, hypertension, smoking (never, ever, current), cardiovascular disease (coronary heart disease, stroke) at baseline, cancer at baseline, study center (N=1187). (**B**) Hazards ratios after sensitivity analyses 1--5 (cf. methods section).

In the main analysis with all participants of both cohorts combined, all-cause mortality was highest for BMI \< 25 (HR=1.22 (95% CI: 0.90--1.66)) and BMI ≥ 35 (HR=1.22 (0.91--1.63)), and lowest for the reference category (BMI 30 - \< 35) ([Table 2](#T0002){ref-type="table"}). The sensitivity analyses 1--5 hardly changed this pattern. Confining the analysis to never smokers, the mortality risk for BMI ≥ 35 increased (HR=1.89 (1.08--3.32)). Additional adjustment for fat-free mass had little impact on the hazard ratios (eg, HR=1.10 (0.79--1.54) for BMI \< 25, HR=0.99 (0.78--1.26) for BMI 25 - \<30, and HR=1.28 (0.95--1.73) for BMI ≥ 35 in the main analysis). Likewise, additional adjustment for waist circumference had only little influence on the hazard ratios (eg, HR=1.30 (0.86--1.95) for BMI \< 25, HR=1.07 (0.82--1.40) for BMI 25 - \<30, and HR=1.17 (0.84--1.63) for BMI ≥ 35 in the main analysis).Table 2Hazard Ratios of All-Cause Mortality by BMI Category in Persons with Diabetes at Baseline: Pooled Data of the Heinz Nixdorf Recall Study and SHIPNDeathsPerson YearsMortality Rate (per 1000 py)HR Crude (95% CI)HR Adjusted (95% CI)**All (N=1187)**BMI 18.5--\< 2515567 (43.3%)191235.01.32 (0.98--1.78)1.22^a^ (0.90--1.66)BMI 25--\< 30492190 (38.6%)619730.71.15 (0.91--1.44)1.04^a^ (0.82--1.31)BMI 30--\< 35347120 (34.6%)448426.811BMI ≥ 3519374 (38.3%)253729.21.09 (0.81--1.45)1.22^a^ (0.91--1.63)**In addition: Exclusion of diagnosis of diabetes before the age of 30 (N=1157)**BMI 18.5--\< 2514663 (43.2%)180634.91.30 (0.95--1.76)1.18 (0.86--1.61)BMI 25-- \< 30481188 (39.1%)604531.11.15 (0.92--1.45)1.04 (0.82--1.31)BMI 30-- \< 35341119 (34.9%)439427.111BMI ≥ 3518973 (38.6%)248129.41.08 (0.81--1.45)1.22 (0.91--1.63)**In addition: Adjustment for diabetes duration (N=1143)**BMI 18.5--\< 2514563179135.21.32 (0.97--1.80)1.16 (0.84--1.59)BMI 25--\< 30477187599331.21.17 (0.93--1.48)1.03 (0.81--1.30)BMI 30--\< 35334115430426.711BMI ≥ 3518773245029.81.11 (0.83--1.49)1.24 (0.92--1.67)**In addition: No adjustment for hypertension (N=1143)**BMI 18.5--\< 2514563179135.21.32 (0.97--1.80)1.14 (0.83--1.56)BMI 25-- \< 30477187599331.21.17 (0.93--1.48)1.02 (0.81--1.30)BMI 30-- \< 35334115430426.711BMI ≥ 3518773245029.81.11 (0.83--1.49)1.26 (0.94--1.70)**In addition: Exclusion of death cases during the first two years of follow-up (N=1112)**BMI 18.5-- \< 2513856 (40.6%)178531.41.27 (0.92--1.75)1.08 (0.78--1.50)BMI 25--\< 30462172 (37.2%)587928.81.16 (0.91--1.48)1.01 (0.79--1.30)BMI 30--\< 35326107 (32.8%)429424.911BMI ≥ 3518672 (38.7%)244829.41.18 (0.87--1.59)1.34 (0.99--1.80)**In addition: Exclusion of participants with known cancer/CVD/kidney disease (N=867)**BMI 18.5--\< 2511442 (36.8%)152727.51.27 (0.87--1.87)1.04 (0.70--1.54)BMI 25--\< 30371125 (33.7%)488225.61.19 (0.89--1.59)1.01 (0.75--1.36)BMI 30--\< 3524270 (28.9%)323321.711BMI ≥ 3514052 (37.1%)185828.01.29 (0.90--1.85)1.51 (1.05--2.16)**In addition: Exclusion of ever smokers (N=333)**BMI 18.5--\< 255319 (35.9%)68527.71.56 (0.84--2.88)1.05 (0.56--1.98)BMI 25--\< 3012333 (26.8%)165320.01.11 (0.65--1.91)0.90 (0.52--1.57)BMI 30--\< 358822 (25.0%)122418.011BMI ≥ 356928 (40.6%)90630.91.73 (0.99--3.03)1.89 (1.08--3.32)[^2]

When the main analysis was done separately for 710 (59.8%) persons with previously known and 477 (40.2%) persons with newly detected diabetes, results were unchanged. For previously known diabetes, the adjusted hazard ratios were 1.27 (95% CI: 0.88--1.83), 0.94 (0.71--1.25), 1 (reference), and 1.09 (0.76--1.56) for BMI 18.5 -\<25, 25- \<30, 30-\<35, and ≥ 35, respectively. For persons with newly detected diabetes, the corresponding HRs were 1.16 (0.65--2.05), 1.17 (0.78--1.76), 1 (reference), and 1.41 (0.84--2.35).

The U-shaped pattern was even more pronounced when the analyses were replicated with participants from the HNR study who had diabetes at T1: HR was 1.92 (1.17--3.14) for BMI \< 25, and HR was 1.65 (1.07--2.55) for BMI ≥ 35 ([Table 3](#T0003){ref-type="table"}). When this analysis was repeated with BMI measured at T0 instead of BMI measured at T1, the U-shaped association persisted (HR=1.65 (0.96--2.84) for BMI \< 25, and HR=2.10 (1.35--3.28) for BMI ≥ 35). After carrying out the first five sensitivity analyses with BMI measured at T0 and participants with diabetes at T1, the results hardly changed; for BMI ≥ 35, the mortality risk was even stronger (HR=2.39 (1.39--4.12)).Table 3Hazard Ratios of All-Cause Mortality by BMI Category in Persons with Diabetes at T1: The Heinz Nixdorf Recall Study^a^NDeathsPerson YearsMortality Rate (per 1000 py)HR Crude (95% CI)HR Adjusted (95% CI)**All (N=777): BMI taken from T1**BMI 18.5 - \< 2510127 (26.7%)96328.01.62 (1.00--2.62)1.92^b^ (1.17--3.14)BMI 25 - \< 3029864 (21.5%)296421.61.24 (0.85--1.83)1.14^b^ (0.77--1.68)BMI 30 - \< 3524343 (17.7%)247617.411BMI ≥ 3513542 (31.1%)127333.01.90 (1.24--2.90)1.65^b^ (1.07--2.55)**All (N=777): BMI taken from T0**BMI 18.5 - \< 259220 (21.7%)92221.71.37 (0.80--2.33)1.65^b^ (0.96--2.84)BMI 25 - \< 3031575 (23.8%)305124.61.55 (1.06--2.27)1.43^b^ (0.97--2.11)BMI 30 - \< 3525041 (16.4%)258115.911BMI ≥ 3512040 (33.3%)112235.62.24 (1.45--3.46)2.10^b^ (1.35--3.28)**BMI taken from T0 Exclusion of diagnosis of diabetes before the age of 30, adjustment for diabetes duration, no adjustment for hypertension, exclusion of death cases during the first two years of follow-up, exclusion of persons with history of stroke or myocardial infarction/with cancer under treatment (N=646)**BMI 18.5 - \< 257612 (15.8%)79315.11.30 (0.66--2.57)1.41 (0.70--2.84)BMI 25 - \< 3025142 (16.7%)259316.21.40 (0.86--2.27)1.29 (0.79--2.11)BMI 30 - \< 3521827 (12.4%)231511.711BMI ≥ 3510128 (27.7%)100227.92.43 (1.43--4.13)2.39 (1.39--4.12)[^3]

Obese persons (BMI ≥ 30 kg/m^2^) with previously known diabetes did not differ from non-obese persons (BMI \< 30 kg/m^2^) with regard to age at diagnosis of diabetes (53.1 versus 53.7 years) ([[Supplementary Table 2](http://www.dovepress.com/get_supplementary_file.php?f=242553.docx)]{.ul}). In addition, the proportion of participants with previously known diabetes was about the same in both BMI categories (58.7 versus 60.7%); the same is true for the proportion of persons receiving diabetes therapy with pills and/or insulin (81.4 versus 82.9%). However, diabetes control as measured by HbA1c was worse in obese persons (7.3 versus 7.0%). Results were similar when 27.5 kg/m^2^ was used as BMI cut-off.

From prevalences of diabetes risk factors in BMI \< 27.5 kg/m^2^ and in BMI ≥ 27.5 kg/m^2^, prevalence ratios were calculated with BMI ≥ 27.5 kg/m^2^ as reference category. For all risk factors of diabetes, these prevalence ratios were larger in persons with diabetes than in the whole study population ([Table 4](#T0004){ref-type="table"}). In persons with diabetes, the number of diabetes risk alleles was slightly larger in BMI \< 27.5 kg/m^2^ as compared with BMI ≥ 27.5 kg/m^2^ (difference in number of risk alleles = 1.0, 95% CI: 0.1 to 2.0). In the whole study group, the corresponding difference was 0.3 (95% CI: −0.1 to 0.6).Table 4Distribution of Risk Factors for Type 2 Diabetes by BMI Category Separately for the Whole Study Group and for Persons with Type 2 Diabetes: The Heinz Nixdorf Recall StudyWhole Study GroupPersons with Type 2 DiabetesBMI \< 27.5BMI ≥ 27.5 (Ref)PR (95% CI)BMI \< 27.5BMI ≥ 27.5 (Ref)PR (95% CI)N24592326214502Educational years ≤ 131571 (64.0%)1631 (70.4%)0.90^a,e^ (0.87--0.94)144 (67.3%)340 (67.7%)0.99^a^ (0.89--1.10)Educational years \> 13 (ref)885 (36.0%)687 (29.6%)70 (32.7%)162 (32.3%)Smoking (yes)672 (27.3%)449 (19.4%)1.35^b^ (1.22--1.50)61 (28.5%)95 (18.9%)1.52^b^ (1.16--1.99)Smoking (no) (ref)1787 (72.7%)1872 (80.7%)153 (71.5%)407 (81.1%)Hypertension (yes)1109 (45.1%)1564 (67.4%)0.72^b^ (0.69--0.76)143 (66.8%)419 (83.5%)0.80^b^ (0.73--0.89)Hypertension (no) (ref)1347 (54.9%)755 (32.6%)71 (33.2%)83 (16.5%)Male sex1148 (46.7%)1233 (53.0%)0.88^c^ (0.83--0.93)134 (62.6%)323 (64.3%)0.97^c^ (0.86--1.10)Female sex (ref)1311 (53.3%)1093 (47.0%)80 (37.4%)179 (35.7%)**BMI \< 27.5BMI ≥ 27.5 (ref)ß (95% CI)BMI \< 27.5BMI ≥ 27.5 (ref)ß (95% CI)**Age (years),58.7 ± 7.860.6 ± 7.7−1.91^c^ (−2.35; -1.47)62.0 ± 8.062.2 ± 7.4−0.23^c^ (−1.44; 0.98)Risk alleles^d^79.0 ± 5.478.7 ± 5.30.26^c^ (−0.08; 0.60)80.6 ± 5.479.6 ± 5.31.04^c^ (0.09; 2.00)[^4]

With WC as anthropometric measure instead of BMI, an increased mortality was observed in none of the three higher WC categories (≥ 94cm in men, ≥ 80 cm in women) in the main and in the sensitivity analyses 1--5 ([[Supplementary Table 3](http://www.dovepress.com/get_supplementary_file.php?f=242553.docx)]{.ul}).

Discussion {#S0004}
==========

In our main analyses of participants with diabetes, we confirmed the U-shaped association between BMI and mortality with lowest mortality at moderate obesity. We did several sensitivity analyses to address potential biases which were discussed by some authors as potential reasons why no excess mortality was observed in overweight or obese persons with diabetes. All these sensitivity analyses led to virtually unchanged results.

The Role of Reverse Causation, Smoking and Overadjustment {#S0004-S2001}
---------------------------------------------------------

Reverse causation bias is one of the main arguments brought forward against the obesity paradox.[@CIT0021],[@CIT0024] Prevalent major comorbidity at baseline may lead to unintentional weight loss, and thus be a confounding condition for the association between BMI and all-cause mortality. We addressed this potential bias in three ways. Excluding persons with history of myocardial infarction or stroke or with cancer not in full remission or with kidney diseases, and additional exclusion of death cases during the first two years of follow-up had hardly any impact on the effect estimates of mortality rate. In an additional analysis, we used BMI measured about five years prior to the date from which person-time was calculated, but again results hardly differed from the main analyses.

Smoking is a strong confounder of the association between BMI and mortality, and residual confounding may be a strong reason for the occurrence of bias. Therefore, adjusting for smoking and restricting the analyses to non-smokers may not lead to equivalent results. Using data of the US Biobank, Jenkins et al observed an obesity paradox in participants with type 2 diabetes.[@CIT0035] This U-shaped relationship with lowest mortality in class I obesity was modified by smoking status: It was strongest in current smokers, and less pronounced, but still present in never smokers. In the present study, the mortality risk increased in the strongly obese (HR=1.89, 95% CI: 1.08 to 3.32 for BMI ≥ 35 versus BMI 30 - \< 35) after exclusion of ever smokers but this result needs confirmation in a larger subpopulation of never-smokers.

Tobias and Manson suggested that inappropriate adjustment for potential mediators like hypertension, cholesterol levels and severity of diabetes may to lead to underestimates of mortality in the obese.[@CIT0021] Our final models included none of these potential mediators but still results remained virtually the same.

Appropriateness of BMI as Measure of Obesity {#S0004-S2002}
--------------------------------------------

BMI poorly reflects fat mass and fat distribution whereas waist circumference mirrors the amount of abdominal fat.[@CIT0022],[@CIT0023] In 5435 participants of the EPIC study with diabetes, measures of abdominal obesity showed stronger associations with mortality than BMI.[@CIT0036] However, when WC categories were used instead of BMI categories, hazard ratios only slightly deviated from the null in the main analysis and in the sensitivity analyses 1--5 (reference: WC \< 94cm (males), \< 80cm (females)). Only after exclusion of never smokers, there was an indication that hazard ratios became higher with increasing WC. However, due to the small number of never smokers, confidence intervals were wide, and further studies with a larger sample of never smokers are warranted.

Other authors recommend measurement of body composition: Murphy et al also found that in patients with type 2 diabetes, mortality risk was largest in normal weight (HR=1.72 (1.12 to 2.64) for comparison of BMI 18.4--24.9 versus 25.0--29.9), but this effect was strongly attenuated when the authors included thigh muscle size into the model (HR=1.36 (0.87 to 2.11)).[@CIT0037] Thus, if individuals with high BMI have not only elevated fat mass, but also elevated lean mass, the latter may explain the reduction in mortality; high BMI is less protective when muscle mass is low.[@CIT0022],[@CIT0037] However, adding estimated FFM as a potential mediator to our regression models led to only slight changes of HRs.

For analyses of associations between adiposity and death in the general population, Pischon et al suggested that measures of both general and abdominal adiposity should be included.[@CIT0038] When WC was additionally adjusted for in the main analysis, the hazard ratio was still lowest for BMI 25.0--29.9. Therefore, the obesity paradox was not due to lack of adjustment for measures of abdominal obesity in our study.

Treatment Bias {#S0004-S2003}
--------------

Several authors assumed that lower mortality in obesity may result from a better treatment of obese persons with diabetes.[@CIT0024] However, our data did not provide evidence that overweight or obese persons are given privileged medical care. In our pooled cohort, diabetes was not diagnosed earlier in the obese, the proportion of unknown diabetes was about the same in obese and non-obese, and, moreover, the proportion of persons receiving diabetes therapy was similar in obese and non-obese. In addition, at baseline, persons with BMI ≥ 30.0 kg/m^2^ exhibited higher HbA1c values, less favourable levels of lipids and higher values of blood pressure than persons with BMI \< 30.0 kg/m^2^.

Collider Bias {#S0004-S2004}
-------------

Lajous et al found an obesity paradox in women with diabetes, but not in women without diabetes, and they concluded that the paradox in persons with diabetes can be "explained away" by the collider bias.[@CIT0016] In our study, restricting the analyses to persons with diabetes may cause a collider bias because non-obese persons who developed diabetes are likely to exhibit more often risk factors for diabetes other than obesity. Thus, in a population of persons with diabetes, non-obese persons are more likely to smoke, and to have more risk alleles for diabetes than obese persons, and, thus, may have an increased mortality risk. Such an inverse association is an artefact and occurs only upon conditioning on diabetes but not in the whole population.

In our study, collider bias was present. For the whole population, we calculated prevalence ratios for low education, smoking, and hypertension comparing BMI \< 27.5 to BMI ≥ 27.5. According to the idea of the collider bias, these prevalence ratios were slightly larger when calculated for the subgroup with diabetes. Eg, in persons with diabetes, the prevalence of smoking was 1.52 times larger in BMI \< 27.5 than in BMI ≥ 27.5, but in the whole population, the prevalence of smoking was only 1.35 times larger in BMI \< 27.5 than in BMI ≥ 27.5. However, this does not mean that the lack of an increased mortality in the obese is due to the collider bias: the excess prevalence of these risk factors in the non-obese persons with diabetes was small, and, moreover, except for diabetes risk alleles, we adjusted for all these risk factors other than obesity in our multivariable models. Among persons with diabetes, the mean number of diabetes risk alleles was 80.6 for BMI \< 27.5, and 79.6 for BMI ≥ 27.5. This tiny difference is unlikely to cause the lack of excess mortality in persons with larger BMI.

Comparison with Other Studies {#S0004-S2005}
-----------------------------

In few other studies with diabetes populations, careful sensitivity analyses had also been carried out. Tobias et al found a U-shaped association between BMI and mortality with an optimum in normal BMI.[@CIT0020] After exclusion of ever smokers, the shape of the curve and the position of the nadir remained unchanged, but hazard ratios for overweight and obese persons were slightly larger. Dhalwani et al reported a strong obesity paradox in persons with diabetes, and results were almost the same after excluding persons with cardiovascular or cancer disease at baseline, and after excluding persons who died within the first two years after baseline.[@CIT0008]

Limitations and Strengths {#S0004-S2006}
-------------------------

Our study has several limitations. First, the oral glucose tolerance test was not done in the two cohort studies, and thus, some persons with diabetes might have been missed in our analyses. Second, we only addressed all-cause mortality but not cardiovascular or cancer mortality. Third, the number of never smokers was small so that our estimates of mortality in never smokers with diabetes were rather imprecise. Fourth, we did not have data on BMI in earlier lifetime so that we could not compare persons with late-onset obesity to persons with early-onset obesity. Fifth, body composition was not measured, and we used waist circumference as a marker of abdominal obesity.

Strengths of our study are the use of data from two population-based cohort studies with well characterized subjects, and with long follow-up times up to 18 years. Moreover, in our sensitivity analyses, we took into account several points of view rarely addressed in other studies: we used not only BMI, but also WC as anthropometric measure; we also used BMI values measured several years prior to baseline; we assessed the presence of treatment bias and of collider bias.

Conclusion {#S0005}
==========

Obesity is a strong risk factor for diabetes, and, thus, it is striking that moderate obesity reduces the mortality risk in people with diabetes. This brings up the idea that artefacts might be involved when mortality is found to be lowest for overweight or obesity. In our middle-aged to older study population with diabetes, the risk of all-cause mortality was lowest in moderate obesity. Our results remained stable when sensitivity analyses to remove several biases were done. Moreover, the obesity paradox could not be explained by treatment bias or collider bias. Nevertheless, residual confounding of smoking might contribute to the obesity paradox. Our analyses gave an indication that mortality risk is increased in never smokers with BMI ≥ 35. Therefore, larger cohorts of never smokers are desirable. Moreover, studies with anthropometric measures other than BMI or WC might lead to different results, and there is still a lack of cohort studies with measurement of body composition.
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[^1]: **Notes:** Values are expressed as mean ± standard deviation, median (first quartile, third quartile), or proportion (%). ^a^Under treatment in the last 12 months (SHIP) OR cancer not in full remission (HNR Study). ^b^Range 0.1--17.7; ^c^Range 0.2--17.7; ^d^Range 0.4--17.7; ^e^Range 1.6--17.7.

    **Abbreviation:** ISCED, International Standard Classification of Education.

[^2]: **Notes:** ^a^Adjusted for age, sex, education, living together with a partner, physical activity, hypertension, smoking, history of myocardial infarction or stroke, cancer not in full remission, study center.

    **Abbreviations:** HR, hazard ratio; CI, confidence interval; CVD, cardiovascular disease.

[^3]: **Notes:** ^a^In the analyses presented in this table the second visit to the study center (T1, between 2005 and 2008) was chosen as baseline. In one analysis, BMI measured at T1 was used, in the other BMI measured five years earlier (at T0, between 2000 and 2003) was used. ^b^Adjusted for age, sex, education, living together with a partner, physical activity, hypertension, smoking, history of myocardial infarction or stroke, cancer not in full remission.

    **Abbreviations:** HR, hazard ratio; CI, confidence interval.

[^4]: **Notes:** ^a^Adjusted for age and sex; ^b^Adjusted for age, sex, and education; ^c^No further adjustment; ^d^N=4785 for the whole group, and 716 persons with diabetes (cf. methods section). ^e^For example, in the whole study group, PR=0.90 is the age-sex adjusted ratio of the prevalence of educational years ≤ 13 years in BMI \< 27.5 and the prevalence of educational years ≤ 13 years in BMI ≥ 27.5.

    **Abbreviations:** PR, prevalence ratio; CI, confidence interval; ß, regression coefficient of the linear regression model.
